The distinctive paper presents the calculation of a thick-walled cylindrical shell with hinged and free ends on the temperature effect. The shell consists of three layers: two layers of heat-resistant concrete and steel outer layer. The calculation takes into account the piecewise linear inhomogeneity of the shell due to its three-layer construction and the continuous inhomogeneity caused by the action of a stationary temperature field. To take into account the nonlinear nature of concrete deformation, the problem was solved using the method of successive approximations described in [1] . A comparative analysis of the results of the calculation of the shell with and without taking into account the continuous inhomogeneity and the nonlinear nature of the deformation of concrete is given. Comparison of the results showed a significant decrease in circumferential stresses in the most loaded concrete layers when calculating the shell with regard to physical nonlinearity and heterogeneity of materials.
INTRODUCTION
Structural elements in the form of hollow cylinders are widely used in technological equipment of the chemical and energy industries. Such structures often work in conditions of elevated and high temperatures, aggressive envi-ronments (reactors and regenerators for many catalytic processes). In order to protect the steel casing of the apparatus, it is lined inside with heat-resistant concrete, which is coated by a corrosion-resistant layer. This design of the reactor allows to protect the metal against corrosion, reduce the metal con-sumption of the apparatus and reduce heat loss. Modern building standards [2] require taking into account changes in the mechanical and elastoplastic properties of concrete depending on the temperature of exposure, and suggest using a two-line or three-line deformation diagram for assessing the stress-strain state of compressed concrete. This article proposes a solution to the problem of thermoelasticity taking into account changes in the properties of concrete depending on temperature and using experimental deformation diagrams.
FORMULATION OF THE PROBLEM
The problem of calculating a three-layer cylindrical shell on the temperature effect is considered. Shell materials are: internal corrosionresistant layer of heat-resistant concrete made of alumina cement (concrete No. 1) of 50 mm thick, the middle layer of heat-resistant concrete made of Portland cement (concrete No. 2) -of 100 mm, the outer layer made of steel -of 40 mm. A constant temperature of 500 ° C is maintained inside.
Two solutions are considered: with hinged end of the cylinder and with a free end (Figure 1 a, b ). The temperature distribution inside the multilayer wall is determined by solving the heat equation. The following initial data are used in the solution: 500 i T 500 C is temperature inside the shell; 20 o T 20 C is the temperature of the outside air; 1 162,8  162,8 W/m 2°C is heat transfer coefficient from the internal area to the concrete wall; 1 0,8  0,8 W/m°C is the thermal conductivity of the first concrete layer; 2 0,85  0,85 W/m°C is the thermal conductivity of the second concrete layer; 3 25  25W/m°Ccoefficient of thermal conductivity of steel; 2 7,6  7,6 W/m 2°C -heat transfer coefficient from the outer surface of the shell to the air; 1 0,55 r 0,55m, 2 0,6 r 0,6 m, 3 0, 7 r 0, 7 m, 4 0, 74 r 0, 74 m. The temperature distribution in the three-layer wall is shown in Figure 1 : 500 
where j is layer number (1, 2, …, n), а = 1 m. Thus, the following temperature distribution functions were obtained for the first and second concrete layers: 
The change in temperature over the thickness of the steel layer is not taken into account in the solution, the average temperature value , 0,8 1,5
The following functions were used to describe the deformation diagrams of heat-resistant concrete on alumina cement: 
We accept the following designations in formulas (4) and (5):
are the coefficients obtained by approximating the experimental deformation diagrams. The work [2] presents the values of the coefficient of linear temperature deformation of concretes of various compositions depending on temperature. We accepted the values b  that correspond to the continuous heating mode upon repeated exposure to temperature. To approximate the data from [2] , the following functions were used:  is coefficient of linear temperature deformation of concrete No. 2; k 1 …k 6 are the coefficients obtained by approximating the data from [2] . The values of the coefficients from formulas (4), (5), (6) , as well as the diagram i i
i of the deformation of concrete of two different compositions are given in [5] , where a solution to a similar problem for an infinite cylindrical shell was considered.
METHOD OF ANALYSIS
Based on the method of successive approximations, we developed a numerical method for solving plane axisymmetric and centrally symmetric problems for thick-walled shells made of physically nonlinear radially inhomogeneous material with arbitrary dependences of mechanical characteristics through the radius. We obtained numerical solutions to test problems. A comparison of the results of numerical and analytical solutions showed sufficient accuracy of the developed method [6] . The solution for the condition of a planar deformed state assumes that the cylinder is very long and stresses arising at a sufficient distance from the ends are considered. This article proposes a solution to the problem taking into account local disturbances near the ends of the cylinder. The solution obtained for the conditions of planar deformable state requires that normal stresses * z  be distributed at the ends of the cylinder. The work [7] proposed determining the stresses in the final cylindrical shell by summing up the solution for the planar deformable state condition and the solution for the cylindrical shell, at the ends of which forces, that are equal in value and opposite in sign to the stresses * z  , are applied. In order to determine the stresses caused by these forces ( * z  * z  ), we consider a longitudinal strip of unit width cut from a cylindrical shell. Such a strip can be considered as a beam on an elastic base, for which the equation of deflection has the form:
where ( ) 0 p z ( ) 0 is the intensity of the radial axisymmetric load; 
where h is the thickness of the shell. Figure 2 shows the curve of the deflections that occur near the end of the cylinder: 1 -deflection for hinge supporting case, 2 -for the free end.
RESULTS

Figures 3-6 show stresses 
 calculated both for homogeneous materials and in comparison with the linear calculation. In the solution for homogeneous materials, the influence of elevated temperature on the properties of concrete was taken into account, but the values of the basic elastic characteristics of concrete were adopted for average temperature over the layer. Figure 3 shows stresses   near the free end of the cylinder in the most stressed annular concrete layers 0, 55 r 0, 55 m and 0, 7 r 0, 7 m: 1 -linear homogeneous material, 0, 7 r 0, 7 m; 2 -linear heterogeneous material, 0, 7 r 0, 7 m; 3 -nonlinear heterogeneous material, 0, 7 r 0, 7 m; 4 -linear homogeneous material, 0, 55 r 0, 55 m; 5 -linear heterogeneous material, 0, 55 r 0, 55 m; 6 -nonlinear inhomogeneous material, 0, 55 r 0, 55 m. Figure 4 shows the stresses   near the hinged end of the cylinder in the most stressed annular concrete layers 0, 55 r 0, 55 m and 0, 7 r 0, 7 m: 1linear homogeneous material, 0, 7 r 0, 7 m; 2linear heterogeneous material, 0, 7 r 0, 7 m; 3nonlinear heterogeneous material, 0, 7 r 0, 7 m; 4 -linear homogeneous material, 0, 55 r 0, 55 m; 5linear heterogeneous material, 0, 55 r 0, 55 m; 6nonlinear inhomogeneous material, 0, 55 r 0, 55 m. 
CONCLUSIONS
When analyzing the results stresses in the compressed zone of concrete are of greatest interest, since tensile stresses on the outside of the lining should be perceived by steel reinforcement. Taking into account only the heterogeneity of concrete gives a reduction in circumferential stresses of about 20% in the compressed zone. When taking into account the heterogeneity and physical nonlinearity of concrete, the maximum circumferential stresses are significantly reduced in both the stretched and compressed zones, by about 2 times.
